In Saccharomyces cerevisiae, Cdc13 binds telomeric DNA to recruit telomerase and to ''cap'' chromosome ends. In temperature-sensitive cdc13-1 mutants telomeric DNA is degraded and cell-cycle progression is inhibited. To identify novel proteins and pathways that cap telomeres, or that respond to uncapped telomeres, we combined cdc13-1 with the yeast gene deletion collection and used high-throughput spot-test assays to measure growth. We identified 369 gene deletions, in eight different phenotypic classes, that reproducibly demonstrated subtle genetic interactions with the cdc13-1 mutation. As expected, we identified DNA damage checkpoint, nonsense-mediated decay and telomerase components in our screen. However, we also identified genes affecting casein kinase II activity, cell polarity, mRNA degradation, mitochondrial function, phosphate transport, iron transport, protein degradation, and other functions. We also identified a number of genes of previously unknown function that we term RTC, for restriction of telomere capping, or MTC, for maintenance of telomere capping. It seems likely that many of the newly identified pathways/ processes that affect growth of budding yeast cdc13-1 mutants will play evolutionarily conserved roles at telomeres. The high-throughput spot-testing approach that we describe is generally applicable and could aid in understanding other aspects of eukaryotic cell biology.
L
INEAR chromosomes are a feature of all eukaryotes. The single-celled model eukaryote Saccharomyces cerevisiae, for example, has 16 linear chromosomes with ends that are, in principle, no different from doublestranded breaks elsewhere in the genome. However, whereas S. cerevisiae cells can tolerate 32 or more chromosome ends throughout its cell cycle, a single doublestranded DNA break (DSB) elsewhere in the genome elicits a swift and precise response (Sandell and Zakian 1993) . This response includes checkpoint activation, which leads to cell-cycle arrest prior to repair of the break. The difference between DSBs and chromsosome ends, then, comes down to specific nucleoprotein complexes that occupy the ends of chromosomes to form a structure referred to as a telomere (Longhese 2008) .
A further issue at the ends of chromosomes is the inability of semi-conservative DNA replication to reach the very ends of linear double-stranded DNA molecules-the ''end replication problem'' (Olovnikov 1973) . Telomerase (Greider and Blackburn 1985) , a telomere-specific reverse-transcriptase complex, solves this problem by adding G-rich repeat sequences to the 39-end of chromosomes, using a bound RNA molecule as a template. As a result, eukaryotic chromosomes have long stretches of TG repeats at their ends. These sequences serve as a binding platform for proteins involved in end protection and telomerase recruitment.
The length of telomere repeat sequences in growing and dividing cells depends on a balance between shortening, due to the end replication problem, and lengthening, due to the actions of telomerase. Should the length of telomere repeat sequences fall below a critical level, budding yeast and mammalian cells stop dividing in a checkpoint-dependent process referred to as senescence (Reaper et al. 2004) . In rare instances, cells can evade this fate by employing telomerase-independent, recombination-based pathways for maintaining a functional number of TG repeats at the ends of chromosomes. In cells that lack telomerase-as is the case for the majority of human somatic cells-telomere length reduces with each cellular division until senescence is 1 induced at a critical length. This is considered to serve as a mechanism for determining a finite cellular life span, and thus the link between telomeres, cancer, and aging has been of wide interest (Blasco 2007; Cheung and Deng 2008) . A fuller understanding of telomere homeostasis is therefore an important goal, critical for understanding cellular senescence and the mechanisms by which the response to DNA damage is appropriately regulated and/or limited in eukaryotic cells. S. cerevisiae provides an excellent model in which to carry out such studies.
In S. cerevisiae, Cdc13 is a single-stranded DNA (ssDNA)-binding protein that binds to short ssDNA overhangs at telomeres and plays at least two important roles at telomeres: (1) recruitment of telomerase (Nugent et al. 1996) and (2) telomere capping (Garvik et al. 1995) . The cdc13-1 point mutation confers temperature sensitivity such that Cdc13-1 is proficient in telomere capping at the permissive temperature (23°) but deficient at the nonpermissive temperature (.26°). Thus, in cdc13-1 mutant cells grown at $26°, telomeres become ''uncapped'' and recognized as sites of DNA damage, eliciting a checkpoint response (Garvik et al. 1995) . Once uncapped, the telomeres are vulnerable to 59-39 exonuclease activity, which can generate extensive regions of ssDNA, thus amplifying the DNA damage signal.
Applying a temperature shift to S. cerevisiae cells harboring the cdc13-1 mutation is a simple method by which telomere capping can be compromised and the response to DNA damage at chromosome ends can be induced and studied. For this reason cdc13-1 has proven to be an informative tool for identifying genes whose products function at uncapped telomeres and in the DNA damage response. For example, cdc13-1 was the primary tool used to show that Mec1, Mec3, Rad53 (Mec2), Rad17, and Rad24 are involved in DNA damage checkpoint control (Weinert et al. 1994) . Similarly, deletion of the EXO1 gene, which encodes a 59-39 exonuclease, allows cdc13-1 mutant cells to grow and divide at 27°, thus efficiently suppressing the temperaturesensitive telomere-capping defect (Maringele and Lydall 2002; Zubko et al. 2004) . This led to the discovery that Exo1 resects the ends of unprotected telomeres in at least two different situations (cdc13-1 mutants and yku70D cells), resulting in long stretches of ssDNA, which, in turn, act as a potent DNA damage signal (Maringele and Lydall 2002; Zubko et al. 2004) . Importantly, the role of EXO1 and checkpoint genes in responding to uncapped telomeres appears to be conserved in mammals because it has been shown that deletion of exonuclease-1 or the CDK inhibitor p21 leads to an extension of life span in a mouse telomerase knockout model (Choudhury et al. 2007; Schaetzlein et al. 2007) . Therefore the identification of new genetic interactions similar to those between RAD9 or EXO1 and cdc13-1 in yeast has the potential to identify novel conserved molecular pathways involved in the response to telomere uncapping, for example (Maringele and Lydall 2002; Zubko et al. 2004) .
Here we describe a genomewide screen for gene deletion mutations that demonstrate synthetic genetic, suppressor, or enhancer interactions with the cdc13-1 mutation. Previously, we described the identification and characterization of a novel, evolutionarily conserved, telomere regulator complex (Downey et al. 2006) . The results of the complete screen reveals that multiple cellular processes influence telomere capping and/or the response to telomere uncapping.
MATERIALS AND METHODS
Genomewide screens: During the progression of this study, approaches to performing genomewide genetic screens evolved considerably; for example, yeast growth tests progressed from manual to robotic spotting and from scoring by eye to scoring by photography and automated image analysis. The evolution of the screening process is described in supplemental material and supplemental Table S1 .
Strains: Strains used in this study are described in supplemental Table S2 .
Synthetic genetic array: The synthetic genetic array (SGA) technique (Tong et al. 2001; Tong and Boone 2006) was used to combine a genomewide collection of gene deletions with the recessive cdc13-1 temperature-sensitive mutation, flanked by the selectable LEU2 and URA3 markers (Tong et al. 2001; Downey et al. 2006; Tong and Boone 2006) . This technique was first performed on a Virtek Versarray Robot (BioRad) in 768-spot format, using a 768-3 1-mm pin tool and, subsequently, in 1536-spot format on a Biomatrix BM3-09 robot (S&P Robotics, Toronto) using a 384-3 1-mm pin tool (supplemental Table S1 ).
Temperature oscillation: The UP-DOWN assay was performed in a programmable Sanyo 153 incubator. Plates were incubated at 20°for 5 hr followed by 36°for 5 hr, and this cycle was repeated a total of three times. Incubation was then continued at 20°for the remainder of the experiment and plates were photographed as described above.
Gene ontology analysis: Version 2.4.0 of GOStats (Falcon and Gentleman 2007) was used with the cutoff set to P ¼ 0.00001 (empirically determined as returning no overrepresented terms from random lists of genes) and the test-type set as conditional. Genes identified in this study were compared to a list of 4292 screened genes, not including slow growers, strains that consistently perform poorly in SGA analysis (Tong et al. 2001) , or genes encoding markers used in strain construction (e.g., CAN1). Gene ontology (GO) term annotations were current as of December 18, 2007. Gene list analysis: For systematic analysis of ontology annotations and convenient access to gene functional information, OSPREY (Breitkreutz et al. 2003) was used to access the Biogrid database (Stark et al. 2006; Breitkreutz et al. 2008) .
Hierarchical clustering: Data from multiple high-throughput studies were collated and converted to a simplified scoring system as described in the supplemental Methods. These were then analyzed alongside our own data by hierarchical clustering using Cluster 3.0 for Mac OS X (Michiel de Hoon, Seiya Imoto, and Satoru Miyano, Human Genome Center, University of Tokyo). Genes were clustered by centroid linkage using the ''absolute correlation (uncentered)'' similarity metric (Eisen et al. 1998 ) based on properties defined in 10 cate-gories: suppressors, enhancers, UP-DOWN assay, telomere length (Askree et al. 2004; Gatbonton et al. 2006; Shachar et al. 2008) , nonsense-mediated decay upregulation (He et al. 2003) , regulation in response to MMS ( Jelinsky and Samson 1999) , sensitivity to MMS (Chang et al. 2002) , sensitivity to UV (Birrell et al. 2001) , sensitivity to ionizing radiation (Bennett et al. 2001) , and requirement for replication of Brome mosaic virus (Kushner et al. 2003) ; see supplemental Methods. Clustering was displayed using Treeview (Saldanha 2004 ).
RESULTS
A screen for gene deletions that suppress or enhance cdc13-1 temperature sensitivity was undertaken using the SGA technique (Tonget al. 2001; Tongand Boone 2006) as described in materials and methods and supplemental Methods. High-throughput yeast spot tests (materials and methods; supplemental Methods; Figure 1) were used to identify gene deletions, which allowed growth of strains carrying the cdc13-1 mutation at the otherwise nonpermissive temperature of 27°. Five of these (identified during initial screens 1 and 2; supplemental Table S1) were described previously (Downey et al. 2006) . At the end of a comprehensive screening process during which a minimum of 4 and a maximum of 15 biological replicates for each viable gene deletion had been tested (supplemental Table S1 ), a high confidence list of 238 gene deletion suppressors of cdc13-1 temperature sensitivity was obtained (Table 1) . Of these 238, 37 strains that grew at the higher nonpermissive temperature of 28°(screens 3 and 4, supplemental Table S1 ) were classed as strong suppressors (Table 1) . A number of gene deletions that have previously been described as cdc13-1 suppressors were identified in our screen (Table  2 ). These included deletions of RAD9, RAD17, RAD24, EXO1, and CHK1 among the group of strong suppressors (Table 1) , consistent with previous studies (e.g., Maringele and Lydall 2002; Zubko et al. 2004) .
Our approach also allowed us to identify gene deletions that were lethal or sick in combination with cdc13-1 because double mutants were either missing or poor growers after SGA (materials and methods; supplemental Methods; supplemental Figure S2 ). Twenty genes demonstrated synthetic lethal and 32 showed synthetic-sick interactions with cdc13-1 at 20° (Table 3) .
In the discussion, we speculate on the roles of these cdc13-1 suppressor and enhancer genes in telomere biology.
Conservation of suppression in an alternative genetic background: It is possible that second-site mutations in gene deletion strains were responsible for suppression of the cdc13-1 temperature-sensitive phenotype. Therefore, to confirm that the relevant gene deletions suppressed cdc13-1, 10 suppressor genes were deleted by transformation in the different W303 cdc13-1 genetic background and tested for growth at 26°, 26.5°, and/or 27°. In all 10 cases, growth was observed at a higher temperature than the control cdc13-1 strains (Table 2 ). In addition, as a result of identification of OCA1, OCA2, SIW14 (OCA3), OCA4, and OCA6 as suppressors of cdc13-1, we also tested deletion of the OCA5 gene in the W303 genetic background and found it to suppress (Table 2); OCA5 was dropped from the list of suppressors in this study at the screen 5 stage (see supplemental Methods). Since 10/10 gene deletions that we identified through high-throughput screening also suppress cdc13-1 in the W303 genetic background, we conclude that the majority of the cdc13-1 suppressors that we have identified are likely to be true suppressors.
The UP-DOWN screen: Given the large number of cdc13-1 suppressors, we wanted to differentiate between different types of cdc13-1 suppressors. Therefore, we also screened for gene deletions that, when combined with the cdc13-1 mutation, significantly enhanced or reduced cell viability in a temperature oscillation (or ''UP-DOWN'') experiment (materials and methods). The cdc13-1 mutation has a reversible temperature-sensitive phenotype; that is, cells with the cdc13-1 mutation maintain high viability and efficiently form colonies when returned to permissive temperature after short periods at nonpermissive temperature. DNA damage checkpoint pathways, which inhibit cell division in response to uncapped telomeres in cdc13-1 mutants, are important for maintaining cdc13-1 cell viability (Weinert et al. 1994; Zubko et al. 2004 ). In addition, nucleases and nuclease inhibitors, which affect single-stranded DNA produc- 
Underlined genes lie adjacent to other genes whose deletion rescues cdc13-1. In such cases, an effect on transcription of the neighboring gene cannot be discounted. Brackets indicate genes previously identified as synthetic with wild-type during SGA (Tong et al. 2001) .
a The RTC gene name is reserved for previously unnamed ORFs. b Deletion of PIF1 and BUD32 rescues cdc13-1 (Downey et al. 2006) but these genes were not tested further in robotic assays due to slow growth.
c Deletion of CGI121 rescues cdc13-1 (Downey et al. 2006 ) but this was not detected in robotic assays subsequent to initial scoring.
tion at uncapped telomeres of cdc13-1 mutants, affect the ability of cdc13-1 to grow for periods at nonpermissive temperature.
In an UP-DOWN assay, cdc13-1 mutants are cycled between permissive and nonpermissive conditions and then allowed to form colonies at permissive temperature. In an UP-DOWN assay, rad9D cdc13-1 strains do not form colonies efficiently because they do not arrest cell division in response to telomere uncapping and accumulate very high levels of single-stranded DNA. Conversely, exo1D cdc13-1 cells grow demonstrably faster than EXO 1 RAD 1 cdc13-1 strains in this assay (Zubko et al. 2004 ; Figure 1 ), presumably because high levels of Exo1-dependent ssDNA at telomeres of cdc13-1 cells inhibit cell division for long periods even after cells are returned to permissive temperature. Therefore, we hypothesized that an UP-DOWN screen would allow us to identify genes that interact with cdc13-1 in a RAD9-like or EXO1-like manner. The UP-DOWN assay was performed on between 2 and 10 biological replicates of cdc13-1 SGA strains. Those gene deletions that, in conjunction with cdc13-1, showed consistently poor growth ( Figure 1 ) were scored as UP-DOWN sensitive (UD S ) while those that grew consistently better than cdc13-1 his3TKANMX controls ( Figure  1 ) were scored as UP-DOWN resistant (UD R ) ( Table 4) . A total of 96 UD S and five UD R genes were identified. Interestingly, both classes included both genes that suppress cdc13-1 when deleted and genes that do not. The 15 UD S genes that are cdc13-1 suppressors included RAD9, RAD17, RAD24, and CHK1, which have well-characterized roles in coordinating the DNA damage response to uncapped telomeres, indicating that other novel genes with this ''RAD9-like'' phenotype are likely to be of interest. The 81 UD S genes that are not cdc13-1 suppressors included YKU70, YKU80, EST1, EST2, and EST3. These, too, have well-defined roles in telomere biology, indicating that this class is also likely to contain novel genes of interest. Deletion of YKU70, YKU80, and others in this category has previously been reported to be synthetically sick with cdc13-1 (Polotnianka et al. 1998 ). However, since we germinated spores at 20°, rather than the 23°or 25°that is more usually used to grow cdc mutants, we probably masked the YKU70/80 cdc13-1 syntheticsick interactions previously reported. Presumably, other synthetic-sick interactions were also missed. There was only one gene (YME1) that reproducibly fell into both categories. Three of the five UD R genes were also cdc13-1 suppressors and hence EXO1-like; however, the only gene in this category that has previously been connected to telomere biology is EXO1 itself.
Thus, through a systematic and iterative process, we arrived at a reliable classification of genes as one or more of the following: cdc13-1 suppressor, UD S , RAD9-like, UD R , EXO1-like, cdc13-1 synthetic lethal, and cdc13-1 synthetic sick (Tables 1, 3 , and 4; Figure 2 ).
Neighboring genes that interact with cdc13-1: In our lists of cdc13-1 interactors, we identified a number of pairs or sets of genes that are adjacent to each other in the genome. For example, YIL034C (CAP2), YIL035C (CKA1), and YIL036W (CST5) are all classed as cdc13-1 suppressors (Table 1) . A likely explanation for such a group is that one gene has a true genetic interaction with cdc13-1 and disruption of the neighboring gene(s) affects the expression of the gene of interest. Indeed, a previous study (Alvaro et al. 2007 ) has demonstrated that deletion of either overlapping or adjacent open reading frames can occasionally result in false positives in genomewide screens such as these. An inference can be made as to whether a gene is a true interactor or is having an effect 11
11, yes, a strong suppressor; 1, yes; À, no. a Deletion of MEC3 rescues cdc13-1 but was not tested in robotic assays due to slow growth.
b Deletion of PIF1 rescues cdc13-1 (Downey et al. 2006) but was not tested further in robotic assays due to slow growth.
c Deletion of CGI121 rescues cdc13-1 (Downey et al. 2006) but was not detected in robotic assays subsequent to initial scoring. on transcription of neighboring genes. In the case of CKA1 (above), for example, the identification of two other subunits of casein kinase, CKA2 and CKB2, as suppressors (neither of which lie adjacent to other suppressors in the yeast genome) supports classification of CKA1 as a suppressor. Also, genes with previously wellcharacterized roles in telomere/checkpoint biology such as CHK1 (adjacent to UBX7) may safely be assumed to be classified correctly. However, in most cases, inferring a role is potentially misleading. We have therefore highlighted (by underlining or boldface text in Tables  1, 3 , 4, and 5; Figure 3 ) genes that, within a particular classification, lie near each other on the chromosome and have omitted them from statistical analyses of GO.
Gene ontology analysis of interactors: To better understand the types of processes that interact with uncapped telomeres, the different classes of cdc13-1-interacting genes were subjected to statistical analysis using the GOstats Bioconductor package (Falcon and Gentleman 2007) . GOstats analysis (supplemental Table  S3 ) allowed us to identify GO terms that were overrepresented. Genes previously identified as having roles in telomere maintenance (GO:0000723) are overrepresented in the results from both the cdc13-1 suppressor screen (23 genes annotated as GO:0000723) and the UP-DOWN assay (18 more genes annotated as GO:0000723); 3 genes annotated as both ''telomerase activity'' (GO: 0003720) and ''telomerase holoenzyme complex'' (GO: 0005697): EST1, EST2, and EST3 (supplemental Table  S3 ). The list of strong suppressors (Table 1) is enriched for genes involved in DNA damage checkpoint control-namely DDC1, RAD17, RAD24, and RAD9-and in nonsense-mediated decay-namely NAM7, NMD2, and UPF3. RAD9-like genes (see Table 4 ) included the same four genes involved in DNA damage checkpoint control (DDC1, RAD17, RAD24, and RAD9) together with the ''cell-cycle checkpoint'' (GO:0000075) annotated ELM1. Finally, the UD S genes that do not suppress cdc13-1 temperature sensitivity when deleted had multiple overrepresented GO terms describing aspects of chromosome architecture (supplemental Table S3 ).
All of the processes highlighted by statistical analysis of cdc13-1 interactors have well-characterized links to telomere biology. This analysis clearly shows that our screens were successful in identifying known CDC13 interactors and suggests therefore that genes identified in this study that were not previously linked to telomeres are likely to have telomere-related roles.
Systematic analysis of gene lists: One caveat with statistical analysis of GO terms is that annotations may be biased toward processes that have been extensively studied. Also, we used a relatively high P-value cutoff (materials and methods) to mitigate the likelihood of false positives. We therefore performed a different sys- YKL098W  MTC2  YMR035W  IMP2  YNL196C  YNL196C  YGL226W  MTC3  YGR238C  KEL2  YOR058C  ASE1  YBR255W  MTC4  YOL064C  MET22  YGL029W  CGR1  YDR128W  MTC5  YKL167C  MRP49  YBR036C  CSG2  YHR151C  MTC6  YOL041C  NOP12  YHR059W  FYV4  YDL218W  YDL218W  YML103C  NUP188  YEL003W  GIM4  YIL040W  APQ12  YBR093C  PHO5  YNL014W  HEF3  YBR131W  CCZ1  YIL153W  RRD1  YOL108C  INO4  YGR157W  CHO2  YHR178W  STB5  YNL106C  INP52 
Underlined genes lie adjacent to other genes whose deletion has synthetic interactions with cdc13-1. In such cases, an effect on transcription of the neighboring gene cannot be discounted.
a The MTC gene name is reserved for previously unnamed ORFs.
b Also a suppressor of cdc13-1 (see Table 1 ). c Also classed as UD S .
tematic analysis of cdc13-1 interactors, which this time included all genes identified in our study (see above; Tables 1, 3 , and 4). We grouped genes with clearly related functions together, irrespective of GO term frequency and chromosomal position, using the functional descriptions in BioGrid (Stark et al. 2006; Breitkreutz et al. 2008) . Suppressors of cdc13-1 temperature sensitivity (Table  1) included clusters of genes involved in bud-site selection; mitochondrial function (including multiple genes for electron transport, mitochondrial genome integrity, mitochondrial ribosomes, and mitochondrial integrity); nonsense-mediated decay; chromatin architecture; phosphate transport; signal transduction; ribosome function; protein degradation; mRNA degradation; vesicular transport; response to DNA damage; iron ion transport; the actin cytoskeleton, cell polarity and mRNA localization; and HO function (Table 5) . Also of note in this category were five putative tyrosine phosphatases of largely unknown function [OCA1, OCA2, SIW14 (OCA3), OCA4, and OCA6)], four killer-toxin-related genes, two aldehyde dehydrogenase genes, three genes from the CCAAT-binding complex, and three of four subunits of casein kinase 2 (Table 5) .
A similar analysis of UD S genes (Table 4) identified groups of genes with roles in the telomerase holoenzyme: the spindle checkpoint; the mitotic exit network; the DNA damage checkpoint; regulation of transcription termination and transposition; ribosome function; chromosome architecture (including multiple SAS complex, COMPASS complex, and Paf1 complex genes); the HOM3  YHL027W  RIM101  YKL029C  MAE1  YLR242C  ARV1  YJR139C  HOM6  YOR275C  RIM20  YCR009C  RVS161  YJR053W  BFA1  YJL092W  HPR5  YPR018W  RLF2  YLR119W 
Underlined genes lie adjacent to other genes whose deletion imparts a phenotype in the UP-DOWN assay distinct from cdc13-1 alone. In such cases, an effect on transcription of the neighboring gene cannot be discounted. Brackets indicate genes previously identified as synthetic with wild type during SGA (Tong et al. 2001) .
a The MTC gene name is reserved for previously un-named ORFs. b Also a suppressor of cdc13-1 and so ''RAD9-like'' (see Table 1 ). c Also classed as synthetic sick.
actin cytoskeleton, cell polarity and mRNA localization; glycerol osmosensing; methionine and threonine synthesis; and vesicular transport (Table 5 ). Finally, analysis of genes whose deletion exacerbates the cdc13-1 phenotype (Table 3) provided multiple ''hits'' affecting ribosome function, mitochondrial integrity, and histone H2AZ exchange (chromatin remodeling) ( Table 5) .
Uncharacterized genes identified in the cdc13-1 screen: A number of genes identified as cdc13-1 interactors in this study were of previously unknown function. Suppressor genes, when present, have a negative effect on telomere capping in cdc13-1 mutant cells at the nonpermissive temperature; therefore we have named such genes RTC (restriction of telomere capping; Table  1 ). Genes of previously unknown function whose deletion exacerbates the cdc13-1 phenotype have been named MTC (maintenance of telomere capping) since their presence increases the fitness of cdc13-1 mutant cells at permissive temperature or during the UP-DOWN assay (Tables 3 and 4) . We did not apply new acronyms to otherwise uncharacterized cdc13-1 interactors if (1) they lay next to other cdc13-1 interactors in the genome (see above) or (2) they were classified as dubious open reading frames in the Saccharomyces Genome Database (2008) and were adjacent to other genes that could reasonably account for their deletion phenotype (see supplemental Table S4 ); however, this could be updated in the future.
DISCUSSION
The objective of our study was to identify proteins and pathways that cap telomeres or regulate the cellular response to uncapped telomeres. We combined the S. cerevisiae gene deletion collection with the well-defined, temperature-sensitive, and reversible cdc13-1 mutation using the SGA strain construction technique and we developed and optimized high-throughput yeast growth assays. Although others have looked systematically for synthetic lethality with temperature-sensitive mutations (e.g., Measday et al. 2005; Baetz et al. 2006) , to the best of our knowledge, a genomewide screen for gene deletions that confer subtle suppressor/enhancer phenotypes on a temperature-sensitive mutation has not previously been reported. Our approach therefore complements other high-throughput genetic techniques such as SGA (Tong et al. 2001; Roguev et al. 2007 ) and synthetic dosage lethal analysis (Measday et al. 2005) . We screened for gene deletions that suppress the lethality of cdc13-1 at the nonpermissive temperature and genes that compromise or contribute to the ''reversibility'' of cdc13-1 mutants. Combined with syntheticlethal and synthetic-sick data from the SGA procedure, this resulted in five overlapping categories of CDC13 interactors: suppressors of cdc13-1, synthetic lethal with cdc13-1, synthetic sick with cdc13-1, UD S , and UD R -the latter two categories, respectively, having RAD9-like and EXO1-like subclasses, giving eight classes in all. Many of the genes identified as interacting with CDC13 fit into pathways with previously recognized roles in telomere biology (Table 5) . However, a significant number of genes identified in this study have previously uncharacterized relationships to telomere function. A more detailed analysis of their roles is likely to provide novel information about eukaryotic telomere biology; for example, in the same way as Exo1, discovered to have telomererelated function in yeast (Maringele and Lydall 2002) , plays a role in life-span determination of telomerase knockout mice (Schaetzlein et al. 2007) .
cdc13-1 suppressors: cdc13-1 suppressors encode proteins that inhibit growth of cdc13-1 mutant cells at the nonpermissive temperature. Previous work has shown that suppression of the temperature sensitivity of cdc13-1 can occur through different pathways and to different extents. For example, deletion of EXO1 (which encodes a 59-39 exonuclease required for resection at telomere ends in the event of telomere uncapping) suppresses cdc13-1 temperature sensitivity through a different mechanism from suppression by deletion of RAD9, which is required for signaling cell-cycle arrest. There is therefore no single, simple explanation for the actions of the many novel gene deletions that we have identified as suppressing cdc13-1 (Table 1) .
Some of the biological functions common to genes identified as cdc13-1 suppressors (Table 5) have wellunderstood relationships with telomere function. DNA damage checkpoint and related genes, for example, act at telomeres to detect uncapping and transduce signals to the DNA repair and cell-cycle machinery (group 1, Table 5 ; supplemental Figure S3 ) (Lydall 2003; Longhese 2008) .
For other ''clusters'' of genes, there are plausible hypotheses to explain how they might affect telomeres. Genes involved in protein degradation (group 2, Table  5 ; supplemental Figure S3 ) could potentially affect the levels of many telomere-associated proteins. An example is SAN1, the product of which functions in ubiquitindependent degradation of aberrant proteins in the cell nucleus. San1 degrades the defective Cdc13-1 protein and therefore deletion of SAN1 stabilizes Cdc13-1 levels Figure 3 .-Comparison of CDC13-interacting genes with telomere length genes. A Venn diagram shows hits from two separate genomewide screens for telomere length regulating genes compared to a list of cdc13-1 interactors. Lists of genes that make up the cross sections between studies are displayed and indicated by letters. The numbers of genes in each segment are indicated. Boldface text highlights genes that have neighboring genes in the genome whose deletion results in a similar phenotype. *cdc13-1 suppressor (strong suppressors are underlined); **synthetic (sick or lethal) with cdc13-1; genes in parentheses either were not tested in this study due to slow growth or were identified previously as giving consistently poor performance in SGA studies. (Gardner et al. 2005) . What little function Cdc13-1 has at elevated temperature might therefore be increased in the absence of SAN1. Deletion of nonsense-mediated decay genes (group 3, Table 5 ; supplemental Figure S3 ) alters the stoichiometry of telomere cap components and in particular elevates transcript levels for the essential Cdc13-interacting Stn1 protein (Dahlseid et al. 2003; Enomoto et al. 2004) .
Genes that affect chromatin architecture, silencing, and/or histone modification influence telomere biology, presumably by modifying the accessibility of chromatin to telomere proteins, for example (Yu et al. 2007) . Chromatin modifiers are represented both as cdc13-1 suppressors and as UD S genes in this category (group 4, Table 5 ) and at least one silencing gene (SAS4) is RAD9-like in that it is both a suppressor and UD S . Therefore, the relationship between chromatin and the telomere cap is complex. Recent experiments show how the histone H3K79 methyl transferase Dot1 (identifed as UD S in our study) is required for checkpoint activation and inhibition of resection in cdc13-1 mutants (Lazzaro et al. 2008) .
A large number of suppressor genes have vesicular trafficking functions (group 5, Table 5 ). This is consistent with the observation that many vesicular traffic genes affect telomere length (Askree et al. 2004) . At least some of those were shown to act upon telomere length in a YKU70-dependent manner (Rog et al. 2005) ; however, it seems likely from our studies that others may influence Cdc13 function. There are extensive interactions, described in BioGrid, between vesicular traffic genes and other types of cdc13-1 suppressors (supplemental Figure S3) ; hence mutations that alter vesicular trafficking may affect telomeres through multiple different pathways. It is interesting to note that transport of telomerase proteins and TLC1 RNA across the nuclear membrane is important for telomerase function (Teixeira et al. 2002; Gallardo et al. 2008) and that deletion of KAP122, required for import of TLC1 from the cytoplasm to the nucleus (Gallardo et al. 2008) , suppresses cdc13-1.
Phosphorylation by human casein kinase 2 (CK2) has been shown to regulate binding of human Trf1 to telomeres (Kim et al. 2008) . Human Trf1 negatively regulates telomere length by inhibiting access of telomerase to telomeres. Possible Trf1 functional homologs in S. cerevisiae are Tbf1 and Rap1, both of which are essential TTAGGG-binding proteins with roles in gene silencing at telomeres (Fourel et al. 1999; Koering et al. 2000; Bhattacharya and Warner 2008; Hogues et al. 2008) . It is possible therefore that yeast CK2 (group 6, Table 5 ; supplemental Figure S3 ) acts directly upon either Tbf1 or Rap1. Alternatively, multiple interactions between CK2 subunits and genes involved in modulating chromatin architecture are known, including multiple genes identified in this study (supplemental Figure S4) and so S. cerevisiae CK2 may exert an influence on telomere function through a general effect on chromatin. A third alternative route through which CK2 might influence the cdc13-1 phenotype is its influence on checkpoint control, which was reported previously (Toczyski et al. 1997) . Further studies will be required to distinguish among these possibilities.
A large group of ribosomal protein genes (group 7, Table 5 ; supplemental Figure S3 ) and a smaller number of other genes with ribosome-related function were identified as suppressors of cdc13-1. We have no clear explanation for this; however, a clue may come from the observation that chromosomal regions containing ribosomal protein genes and telomeres have similar mechanisms for regulating their chromatin architecture (Bhattacharya and Warner 2008; Hogues et al. 2008) . Remarkably, this group includes 16 large ribosomal protein subunit genes but only one component of the small ribososmal subunit.
Numerous groups of genes identified in this study have not previously been linked to telomere function. Genes affecting mitochrondrial function (group 8, Table 5 ) (particularly those involved in electron transport and import into mitochondria), for example, are cdc13-1 suppressors when deleted. Interestingly, Nautiyal et al. (2002) showed that many mitochondrial genes are transcriptionally upregulated in telomerase-deficient mutants and we have recently found similar results in cdc13-1 mutants (A. Greenall and D. Lydall, personal communication) . Furthermore, there appear to be evolutionarily conserved interactions between mitochondria and telomeres (Passos et al. 2007) . Therefore, one possible explanation of why so many genes involved in mitochondrial function suppress cdc13-1 when deleted is that loss of mitochondrial function, and the ability to respire, suppresses the poor growth of cdc13-1 mutants. Indeed, we find that many petite mutants suppress the cdc13-1 defect (Table 1) .
The suppression of cdc13-1 temperature sensitivity by petite mutations as a whole is interesting and warrants further investigation. We sought to test whether many other gene deletions might be suppressing cdc13-1 indirectly by causing loss of mitochondrial function. Mitochondrial function (respiration) is essential for growth on glycerol; therefore we spotted single-gene deletion strains [corresponding to all cdc13-1 suppressors (Table 1) ] using glycerol as the sole carbon source. We found that only those previously described as ''petite'' were unable to grow on glycerol (data not shown). We also found that suppression by petite mutations is not due simply to slower growth because growth on synthetic medium does not suppress cdc13-1 temperature sensitivity and there are multiple nonpetite mutations that confer slow growth but fail to suppress cdc13-1 temperature sensitivity (data not shown). We conclude that the vast majority of cdc13-1 suppressors that we have identified are not suppressing because they disrupt mitochondrial function.
Five genes (OCA1, OCA2, OCA4, OCA6, SIW14; group 9, Tables 2 and 5; supplemental Figure S3 ) containing a highly conserved tyrosine phosphatase motif were identified as suppressors of cdc13-1. Little is known about their function except that OCA1 and SIW14 have roles in checkpoint response to oxidative stress and actin filament organization, respectively (Alic et al. 2001; Care et al. 2004) . Suppression of cdc13-1 has been confirmed in a separate genetic background (W303) for OCA2, OCA4, OCA6, and SIW14. It was also found that OCA5, which lacks the tyrosine phosphatase motif and was not detected as a suppressor in this screen, does suppress cdc13-1 temperature sensitivity in the W303 background (Table 2 ). It will be interesting to determine how the OCA gene family interacts with uncapped telomeres, possibly by interacting with the checkpoint kinase cascade or perhaps by affecting telomere capping.
The partially redundant BMH1 and BMH2 genes (group 10, Table 5 ; supplemental Figure S3 ) encode 14-3-3 proteins, which bind phosphopeptides (van Heusden and Steensma 2006) . It has been shown that Bmh1 and Bmh2 affect checkpoint signal transduction (Lottersberger et al. 2003 (Lottersberger et al. , 2006 (Lottersberger et al. , 2007 and therefore, like Rad9 and Rad24, their absence is expected to improve the growth of cdc13-1 mutants. Further experiments will be necessary to explain the roles of other groups of genes (groups 11-20, Table 5 ; supplemental Figure S3 ) in exacerbating the cdc13-1 telomere-capping defect.
UP-DOWN sensitive genes: We classify UD S genes as those that contribute to the viability of cdc13-1 mutant cells during brief incubation periods at high temperature. Their deletion causes cdc13-1 cells to grow poorly in the UP-DOWN assay. Deletion of RAD9 suppresses the temperature sensitivity of cdc13-1, as well as rendering cdc13-1 cells sensitive to temperature oscillation ( Figure  1 ) and we predicted that other UD S genes that similarly suppressed cdc13-1 would be identified in this screen and classed as truly ''RAD9-like.'' Indeed, RAD9, CHK1, DDC1, RAD17, RAD24, and other genes with DNA-repairrelated roles (DOA1) were identified. However, also included were genes for cell polarity and cellular morphogenesis (ELM1, SHE4), membrane traffic (EDE1, VPS21), response to oxidative stress (UTH1), mRNA degradation (SKI3), DNA replication in meiosis (MUM2), chromatin architecture (SAS4), and cell-wall biogenesis (GAS1). SHE4 in particular is interesting since its deletion causes strong suppression (Table 1 ) and a strong UD S phenotype (Table 4 and data not shown). She4 is an UNC domain protein that interacts with type I and type V myosins and has roles in mating-type switching (by helping to localize the mRNA for Ash1) and endocytosis. Since other genes involved in both vesicular traffic and Ash1 function have been identified in this study, it remains to be determined through which of these pathways SHE4 exerts an influence on telomere biology. Rather less predictable was a large number of UD S genes (81), which do not suppress cdc13-1 temperature sensitivity when deleted (Table 4 , Figure 2 ). Deletion of some of these genes caused reduced growth during spot tests (not detected in SGA analysis; supplemental Figure  S2 ), even at the permissive temperature of 20°(data not shown). They were classed as UD S because growth was still poor in the UP-DOWN assay relative to growth at the permissive temperature. There is a subtle distinction, therefore, between this class of genes and those that exhibit a synthetic sick interaction with cdc13-1 at temperatures .23°.
Only deletion of YME1 appeared to demonstrate both UD S (in screens 3 and 4; supplemental Table S1 ) and synthetic sick (in screen 7; supplemental Table S1 ) interactions with cdc13-1; null mutations in this mitochondrial protease have previously been shown to be pleiotropic, including exhibiting cold sensitivity on rich glucose medium (Thorsness et al. 1993) . Genes such as this with apparently ''variable'' phenotypes were rare. However, another example is ASC1. Deletion of ASC1 has previously resulted in synthetic interactions with wild-type query strains in the SGA procedure (Tong et al. 2001 ; see supplemental Methods); however, we obtained viable progeny from SGA in 5 of 10 biological replicates with this gene deletion. Four of five of these demonstrated suppression of cdc13-1 and UD R so ASC1 is, tentatively, classified as a suppressor and UD R , that is, EXO1-like. EST1, EST2, and EST3 genes encoding telomerase holoenzyme components fell into the UD S category (group 21, Table 5 ; supplemental Figure S4 ). This is almost certainly because telomerase, and its product telomeric DNA, contribute to forming the telomere cap. The absence of telomerase therefore sensitizes cdc13-1 mutants to high temperature. Conversely, deleting PIF1, which encodes a helicase that removes telomerase, suppresses the temperature sensitivity of cdc13-1 mutants.
The UD S genes included genes for both subunits of the Ku complex (YKU70 and YKU80), BRE2, and DOT1. The latter encodes the H3K79 methylase and appears to Figure 4 .-Hierarchical clustering of cdc13-1 genetic interactions with data from multiple genomewide studies. cdc13-1 suppressor and enhancer data are combined with data from genomewide studies of telomere length, nonsense-mediated decay (nmd upregulated), the effect of MMS on gene transcriptions (regulated MMS), MMS sensitivity, UV sensitivity, ionizing radiation sensitivity (IR sensitive), and Brome mosaic virus (BMV) replication. cdc13-1 synthetic sick and synthetic lethal interactions are grouped under the heading ''cdc13-1 enhancers,'' separately from interactors identified in the UP-DOWN (UD) assay. Yellow and blue shading on the heat map indicate positive and negative values, respectively (as defined in the supplemental Methods). Four interesting clusters are highlighted with magnified heat maps. One of these clusters (center, right) contains the previously uncharacterized MTC7 gene, identified in this study (see discussion).
help recruit Rad9 to chromatin and, like Rad9, inhibits resection at uncapped telomeres (Lazzaro et al. 2008) .
Spindle checkpoint and mitotic exit genes (groups 22 and 23, Table 5 ; supplemental Figure S4 ) also helped cdc13-1 cells to recover from shifts to high temperature, presumably because, after a period of arrest prior to entry into mitosis, the mitotic exit network is important for efficient completion of the cell cycle.
The telomere-related roles of genes involved in transposition, glycerol osmosensing, or methionine and threonine synthesis (groups 24-26, Table 5 ; supplemental Figure S4 ) remain unclear, although the former group has been implicated in chromatin remodeling.
UP-DOWN-resistant genes: EXO1 encodes a nuclease that contributes to the vulnerability of cdc13-1 mutant cells to brief incubation periods at high temperature. A likely explanation for this is that deletion of EXO1 results in less resection and thus less DNA damage at the nonpermissive temperature, thus hastening the cells' recovery when returned to the permissive temperature (Zubko et al. 2004) . We have hypothesized that other nucleases, such as a putative RAD24-dependent nuclease ExoX, also regulate resection at uncapped telomeres ( Jia et al. 2004; Zubko et al. 2004) . Therefore, we searched for other EXO1-like genes. Deletion of EXO1 suppresses the temperature sensitivity of cdc13-1, as well as rendering cdc13-1 cells less sensitive to temperature oscillation (Figure 1 ). In fact, only two genes-ASC1 and SRN2-fall into this category. ASC1 encodes a core component of the 40S ribosomal subunit, which acts as a guanine nucleotide dissociation inhibitor for Gpa2 (Zeller et al. 2007) , and its deletion results in longer telomeres (Askree et al. 2004) . Srn2 is a member of the ESCRT-1 endosomal sorting complex (Kostelansky et al. 2007) , which targets proteins to endosomes in a ubiquitin-dependent manner. The other two subunits of this complex (Stp22 and Vps28) were in the group of slowgrowing deletion strains that were not tested in this study but have been shown previously to have shorter telomeres, whereas deletion of SRN2 is not reported to affect telomere length (Askree et al. 2004; Gatbonton et al. 2006) . Two other genes were UD R without being cdc13-1 suppressors: MAE1 and RVS161. RVS161 encodes an amphiphysin-like raft protein, which acts (with Rvs167) to regulate polarization of the actin cytoskeleton; thus its deletion has pleiotropic effects, which include disruption of endocytosis (Breton et al. 2001; Lombardi and Riezman 2001) . MAE1 encodes a mitochondrial malic enzyme that catalyzes the oxidative decarboxylation of malate to pyruvate (Boles et al. 1998) . None of the EXO1-like genes identified here are likely candidates for ExoX. Therefore, ExoX does not exist, was missing from our library, is encoded by an essential gene, or its activity is encoded by multiple, redundant genes.
Comparisons with telomere length screens: Two previous genomewide studies of telomere biology have measured the length of telomere repeat regions in gene deletion strains (Askree et al. 2004; Gatbonton et al. 2006) . Interestingly, there was less overlap than might have been expected between the two studies in terms of the specific genes identified; however, the processes that affected telomere length in each study were similar (Gatbonton et al. 2006) . Comparison of our results with these two previous studies reveals moderate overlap (Figure 3 ) but, again, some similar cellular processes were identified.
Thirteen genes were identified in all three studies and this clearly represents an important set of telomererelated genes. Seven of these were found to support telomere capping in our study-EST1, EST2, and EST3 (encoding subunits of telomerase); YKU70 and YKU80 (encoding the Ku heterodimer); and CDC73 and DCC1-and show reduced telomere length when deleted. Deletion of ELG1 (UD S ) results in longer telomeres. Deletion of PIF1 (Downey et al. 2006) , which encodes a helicase that removes telomerase from telomeres, and of RIF2 (Wotton and Shore 1997) , which inhibits telomerase activity, results in long telomeres and suppression of cdc13-1. Deletion of NAM7, UPF3, and NMD2, which regulate nonsense-mediated RNA decay, affecting levels of the Cdc13-interacting protein Stn1, results in strong suppression of cdc13-1 and short telomeres. Clearly, the implications of altered telomere length or genetic interaction with cdc13-1 arising from a gene deletion study are complex.
Many of the genes identified by Askree et al. (2004) or Gatbonton et al. (2006) , which were not identified by our screens, are particularly poor growing strains or those previously demonstrated as working poorly in the SGA techniques (in parentheses in Figure 3 ; Tong et al. 2001) . Conversely, there are 326 genes identified in our study as interacting with cdc13-1, which do not significantly alter telomere length. These include genes that are known to affect the response to telomere uncapping without affecting telomere length (e.g., the checkpoint genes RAD9 and CHK1). However, it also seems likely that cdc13-1 mutants are sensitive to deletion of some genes where the resulting changes in telomere length are too small to be detected using high-throughput Southern blot analysis.
Comparisons with multiple high-throughput studies: In addition to telomere length, multiple genomewide studies have examined processes that are relevant to telomere biology including, for example, UV irradiation (Birrell et al. 2001) , ionizing radiation (Bennett et al. 2001) , alkylating agents ( Jelinsky and Samson 1999; Chang et al. 2002) , and nonsense-mediated decay (He et al. 2003) . We combined these data sets, a study of genes affecting replication of a positive-strand DNA virus (Kushner et al. 2003) , and the telomere length studies (Askree et al. 2004; Gatbonton et al. 2006; Shachar et al. 2008 ) with our own data to produce a hierarchical clustering map (Figure 4 ). For two previously uncharacterized genes identified in this study, such clustering may provide clues to their putative function. For example, MTC7 lies in a cluster of genes that, when deleted, confer UP-DOWN sensitivity and short telomeres. This cluster includes telomere maintenance, histone methylation, and silencing genes (Figure 4 ), indicating that Mtc7 might influence telomere biology through one of these processes. RTC1 lies in a cluster of genes that, when deleted, confer suppression of cdc13-1 temperature sensitivity and short telomeres (Figure 4) . This cluster includes genes involved in nonsense-mediated decay and membrane transport, indicating that Rtc1 might influence telomere biology through one of these processes.
In conclusion, the budding yeast telomere cap and the response to telomere uncapping induced in cdc13-1 mutants appear to be affected by numerous and diverse cellular pathways and processes. Further analyses will be necessary to understand how these pathways and processes interact at yeast telomeres. It seems likely that a significant fraction of the pathways and processes identified in yeast will play roles at human telomeres and thereby affect cancer and/or aging.
